The capacitance-voltage (C-V ) characteristics of surface-stabilized ferroelectric liquid crystal (SSFLC) cells doped with zinc oxide nanocrystals (nc-ZnO) have been studied and fitted to the Preisach model to reveal the behaviours of dipolar species. To explain the experimental results, we propose a physical picture depicting an interaction of nc-ZnO dipole with surrounding SSFLC dipolar species. Our study shows that doping nc-ZnO into FLC not only increases the contrast ratio of the cells by 10 times but also enhances the dynamic polarization of the beneficial dipolar species while minimizing the polarization response of the species with counter effects.
(Some figures in this article are in colour only in the electronic version) Surface-stabilized ferroelectric liquid crystal (SSFLC) devices were first proposed by Clark and Lagerwall to yield attractive properties, including microsecond response time, bistability and wide viewing angle [1] . However, to meet the industrial application criteria, further improvements in the properties of ferroelectric liquid crystal (FLC) to yield better contrast, higher stability of smectic layer structure and lower driving voltage are required. Modifying an existing FLC material by doping with appropriate nanoparticles could produce new FLC by blending instead of synthesizing new mesogenic molecules and has therefore attracted significant interest recently [2] [3] [4] [5] . Insight into the interaction between nanoparticle and FLC species is indispensable for a better design of the blending scheme. In our previous investigation [6] , we applied time-resolved Fourier transform infrared absorption spectroscopy to discover an nc-ZnO induced molecular binding effect on the FLC species. Although capacitance-voltage (C-V ) characteristics of the SSFLC cells with multiple FLC dipolar species were also reported to reveal the effect of nc-ZnO doping, the interaction between nc-ZnO and FLC dipolar species at various driving frequencies had not been characterized in detail. After conducting more measurements, we reported in this 1 Author to whom any correspondence should be addressed.
paper that nc-ZnO doping can indeed improve the electrooptical response of the SSFLC by enhancing the dynamic polarization of the beneficial dipolar species while minimizing the polarization of the species with counter effects.
Colloidal zinc oxide nanoparticles were synthesized with a sol-gel process [6] [7] [8] , producing nc-ZnO with an averaged diameter of 3.2 nm [6] . The commercial room-temperature FLC mixture FELIX 017/100 FLC (from Clariant, Frankfurt, Germany) with spontaneous polarization of 47 nC cm −2 at 25 • C exhibits a thermotropic transition sequence of Cr
←→Iso. To prepare a doped FLC material, an appropriate amount of ZnO nano powder was added into the FLC and then homogenized with an ultrasonic cleaner at 85
• C for 40 min. The substrates of each SSFLC cell are indium tin oxide (ITO)-coated glass plates 12 mm ×15 mm in dimension, which were coated with SE7492 polyimide (PI) (from Nissan Chemical) and rubbed unidirectionally to produce a uniform FLC alignment. We assembled the SSFLC cells with two anti-parallelly rubbed substrates and maintained the cell gap with 2 µm diameter silica balls dispersed in a UVcurable gel NOA65. The resulting nc-ZnO doped FLC was filled into a test cell in its isotropic phase and then cooled slowly to 35
• C to form a stable single SmC * domain. The C-V measurements of the SSFLC cells were carried out at 25
• C with a computer-controlled HP4284A LCR meter, which provides a bias voltage range of ±35 V with a sinusoidal wave of 1.0 V in the frequency range 20 Hz-1 MHz. We characterized each empty cell with C-V measurement to verify each empty cell to have a voltage-independent capacitance of 717 ± 35 pF at 1 kHz.
Note that ZnO possesses a wurtzite structure that allows the ZnO nanoparticles of 2R 0 = 3.2 nm to carry a permanent dipole moment of µ ZnO = 50 D [9, 10] .
Therefore, before conducting our investigation, we are interested in estimating the dipole-dipole interaction energy
between nc-ZnO and one of the surrounding dipolar species µ CO . Because the potential energy for the dipole-dipole interaction depends on their relative orientations θ , the molecules exert forces on one another and do not rotate completely freely. Thus, the lower energy orientations are favoured so there is a non-zero interaction between rotating dipoles. In our case, the ncZnO particles being nano-size objects behave like a molecular dopant in the SSFLC. At a uniform doping concentration of 1 wt%, one ZnO nanoparticle is surrounded by about n FLC = 15 000 molecules within a sphere of R max = 14 nm centred at the nc-ZnO. The thermal average of the dipoledipole interaction energy per unit volume between nc-ZnO and surrounding FLC molecules gives [11, 12] 
We obtained U To probe the azimuthal alignment of FLC, we inserted a SSFLC cell into an optical setup involving a crossed polarizeranalyzer and oriented the rubbing direction of the test cell to the transmission axis of the input polarizer. The optical transmittance of the test cells was measured as a function of the azimuthal angle of the rubbing direction. The resulting azimuthal patterns of the optical transmittance of an undoped SSFLC cell (filled squares) and that doped with nc-ZnO (filled triangles) are presented in figure 1 . Compared with the undoped cell, nc-ZnO doping reduces the light leakage of the dark state by 9 times while improving the optical throughput of the bright states by 1.2 times. This leads to an increase in the contrast ratio by 10 times, suggesting that the alignment of the FLC molecules is improved effectively with the doping.
We investigated the field-induced switching properties of nc-ZnO doped SSFLC by invoking an equivalent electronic circuit model of SSFLC depicted in figure 2(a) [13] . In our SSFLC cells, the thickness and the dielectric constant of PI were determined to be 150 nm and ε PI = 3.8, respectively, leading to a capacitance of C PI = 200 nF for the PI layer. The electrical resistance R PI of the PI was measured to be about 10 10 . Thus, as the cell is driven above 100 Hz, the R PI is negligible in the circuit model [13] . With the C PI much larger than the cell capacitance, C cell can be approximated to be C FLC . The C-V hysteresis curves of our SSFLC cells with pure FLC and nc-ZnO doped FLC are presented in figures 2(b) and (c), respectively. At the four different frequencies, the peak capacitances of the nc-ZnO doped SSFLC cell are always larger than that of the pure FLC. The bias voltages at the peak capacitances of the doped SSFLC cell are closer to 0 V than that of the pure FLC. The peak capacitance was found to decrease with increasing driving frequency, indicating that more and more dipolar species are unable to respond to the driving field.
To more quantitatively reveal the doping with nc-ZnO, the Preisach model was invoked to derive C(
For the case of FLC with multiple dipolar species [6] , the cell capacitance can then be expressed as
where C const denotes the voltage-independent part of the capacitance of FLC; A is the cell area; P is the polarization and V ex is the driving voltage. P si in equation (2) represents the spontaneous polarization as all dipoles of the ith species are fully aligned to an external field. V ± Ci is the coercive voltage at which the electric polarization of the ith species vanishes during switching from one orientation to the other orientation [18, 19] .
Ci is a species-related constant with P r and P s denoting the remanent and spontaneous polarizations, respectively. The (±) sign refers to an increasing/decreasing V ex .
As shown in figures 3(a) and (b), we found that four dipolar species (n = 4) are involved in the SSFLC. By doping with nc-ZnO, the peak capacitance contributed by species 1 is increased while capacitances from species 2, 3 and 4 are reduced. The doping also causes P s to behave in a similar way. The P s from species 1 is increased by doping and makes the peak capacitance of the doped SSFLC cell higher than the undoped cell. ZnO nanocrystal doping also decreases V c of species 1 by 1.2 V, while increasing V c of species 2 and 4 by 1.5 V and 0.5 V, respectively. Based on the C-V analysis presented in figures 3(a) and (b), we concluded that V c at the peak capacitances of the SSFLC cells is mainly determined by species 1, which is true no matter whether SSFLC is doped by nc-ZnO or not.
The electrical properties of a ferroelectric material are also conveniently presented in the polarization-voltage (P -V ) curve. We can convert the measured C-V characteristics to the P -V curves by using the Preisach model [14] [15] [16] [17] . In figure 4 , the summed electrical polarization from the four species in an undoped SSFLC cell is shown with the dashed curves while the solid lines are for an nc-ZnO doped SSFLC. Note that under the same bias voltage, the dipolar species with larger polarization take less time to reach the direction of the applied field [14, 15] . We found that P s in the undoped and doped SSFLC cells is identical when the applied voltage is larger than 8 V. But when the applied voltage lies between −8 and 8 V, the nc-ZnO doped FLC does yield larger polarization. The improved polarization is mainly contributed by species 1, which exhibits a behaviour of increased polarization and reduced coercive voltage by doping, suggesting that doping with nc-ZnO does effectively improve the dynamic polarization response of species 1.
One of the major advantages of SSFLC is microsecond response time for true video rate applications. Therefore, it is interesting to investigate how P s of the four dipolar species varies at high driving frequencies. Figure 5(a) shows that nc-ZnO doping results in an increase in P s of species 1 while that from the remaining three species are diminished; this supports the notion that doping with nc-ZnO can enhance the dynamic polarization of the beneficial dipolar species while it minimizes the polarization response of the species with counter effects. The doping-induced spontaneous polarization change ( P s ) of the four species decays with driving frequency. Figure 5 (b) presents a schematic drawing illustrating an idea about the dipolar interaction of species 1 in an undoped and a doped SSFLC cell. Dipoles associated with species 1 could adjust their spatial distribution and likely aggregate on those regions near the north and south poles of the nc-ZnO, and accordingly align in the same direction with the nc-ZnO dipole. The number of the dipolar species 1 lying on the equatorial plane of the nc-ZnO becomes smaller. P s from species 1 can therefore be increased by nc-ZnO doping.
In summary, doping FLC with nc-ZnO not only increases the contrast ratio by 10 times, but also improves the electrooptical response by increasing the spontaneous polarization and reducing the coercive voltage of the beneficial dipolar species while minimizing the polarization of the species with counter effects. We also show that a ZnO nanoparticle can interact with its surrounding FLC dipolar species and tie the FLC species together to respond to an external driving field in more unison. Thus, nc-ZnO doping into FLC could become a simple yet effective way to tailor the field-induced switching properties of an existing FLC.
